The two-source model for jet noise holds that turbulent mixing noise in jets is generated by uncorrelated, fine-scale (FSS) and partially correlated, large-scale (LSS) turbulent structures [Tam et al., J. Fluid Mech. 615, 253-292, (2008)]. The noise from an F-22A Raptor is modeled with an equivalent source consisting of two line arrays of monopole sources. These arrays, one correlated and one uncorrelated, with Rayleigh distributed amplitudes, account for both FSS and LSS sound propagation [J. Morgan, J. Acoust. Soc. Am. 129, 2442Am. 129, (2011]. The equivalent source parameters are selected based on Bayesian methods implemented with simulated annealing and fast Gibbs sampler algorithms. This method yields the best fit parameters, and the sensitivity of the solution is indicated by the generated posterior probability distributions. Analysis of the resulting equivalent sources shows that the directional, correlated line array has greater effect on the near field sound, and the sensitivity of the array's parameters increases as the frequency increases. This equivalent source model can generate results up to 2500 Hz and accurately predict both near field and far field measurements. The analysis suggests that the shape of the source distribution changes as the frequency increases. [Work sponsored by the Office of Naval Research.] 
INTRODUCTION
A better understanding of jet noise source characteristics from military jet aircraft is needed to more accurately model near and far-field propagation. Although researchers have investigated and determined features of jet turbulence in laboratory experiments, 1, 2 properties of heated, supersonic jets from military aircraft cannot be directly measured. Computational models, both analytical 3, 4 and empirical, 5, 6 give important insights into the physics behind jet noise radiation. The equivalent source model (ESM) developed in this paper is somewhat similar to acoustical holography, 7 in that it starts with measured data and then uses a mathematical model to predict the sound field at other locations. 8 This ESM is an extension of a previous model developed by Morgan et al. 9 Modifications have been made such that the selection of the modeling parameters is optimized using Bayesian methods. Initial application of this optimized algorithm for obtaining equivalent source distributions for the F-22A Raptor is presented in this paper. Although a more complete description of the experiment is given by Wall et al. 10 , essential details of the layout are illustrated in Fig. 1 . The estimated shear layer is marked by green dashed lines, and the green "x" delineates the estimated maximum-noise-source region and arc origin.
EQUIVALENT SOURCE MODEL
In summary, this ESM is based on two line arrays of monopoles. One array is correlated while the other is uncorrelated, representing the two types of jet noise sources. 11, 12 For each array, the relative amplitudes of the monopoles are given by a Rayleigh distribution, written as
where z m is the location of the m th monopole, ‫ܣ‬ ୫ୟ୶ is the peak amplitude in the distribution, ‫ݖ∆‬ is the distance the peak of the distribution has been shifted downstream, and ߪ is the relative width of the distribution. As shown in Fig. 2 , the shift distance, ‫,ݖ∆‬ corresponds with the placement of the peak in the Rayleigh distribution downstream to desired location, ‫ݖ‬ . In addition, the monopoles in the correlated array have a phase difference from one monopole to the next which is ߮ = ିଶగௗ ୡ୭ୱ ఏ .
The space between the monopoles, d, is small enough to simulate a continuous source, and the sound speed is represented by the variable c. The source phase angle θ can be obtained from analyzing a jet's far-field directivity pattern or can be included as an independent parameter. 13 The source phase angle is a function of the engine power and frequency.
FIGURE 2.
A Rayleigh distribution (dotted line), which rises quickly and decays slowly, and a shifted distribution (solid line), labeled with the shift distance, Δz, and the standard deviation, σ.
The parameters that control the maximum amplitude, the width, and the location of the peak for the correlated (subscript c) and the uncorrelated (subscript u) distributions are varied in the ESM. Specifically, the peak locations ‫ݖ{‬ ,௨ , ‫ݖ‬ , }, widths {ߪ ௨, ߪ }, and the ratio of the maximum amplitudes of the two arrays ‫ܣ{‬ , ‫ܣ/‬ ,௨ } are variables. In addition, since the publication by Morgan et al., 9 it was decided to include the source phase angle, ߠ, as a variable as well.
Automation of Parameter Selection
In order to find the best-fit parameters in the ESM efficiently, it is necessary to use an automated process. A Bayesian-based optimization algorithm (BOA) was used, which has shown to be effective in searching multidimensional parameter spaces, including applications in acoustics. 14, 15, 16 The BOA computes the fit between data and a model and provides both an optimal solution and the relative sensitivity of the match on the individual parameters. The first step is to use simulated annealing (SA) to find parameter estimates that optimize the match between the model and the data. The acceptance criteria within the SA search have some randomness to allow the algorithm to jump out of local minimums during the earlier parts of the algorithm. The SA algorithm typically runs about 10,000 times before converging to a solution. The final estimated parameter values are then used as the starting location for a fast Gibbs sampler (FGS).
The FGS algorithm is very similar to the SA algorithm, but the FGS algorithm is designed to sample the parameter space more equally, and thus yields insight into the uncertainty of the solution by providing estimates of the posterior probability distribution (PPD) for each parameter. The sets of parameters that were accepted during the FGS are stored and used to estimate the PPDs by plotting the value of a parameter versus the number of times it was selected, essentially as a histogram. An example of the estimated PPDs generated from the FGS is shown in Fig. 3 . The width of a PPD indicates the sensitivity of the model-data mismatch to variations in that parameter across the multidimensional space. A well-defined peak in a PPD indicates that varying the parameter over the specified bounds impacts the ability of the model to predict the data, and thus, the value of that parameter estimated by the SA has an uncertainty specified by the width of the distribution. Conversely, a flat PPD shows that the match between the model and data, as defined in the error function, is not influenced by changes in that parameter across the specified bounds, and the corresponding estimated parameter value from the SA is not meaningful.
FIGURE 3.
An estimated posterior probability distribution (PPD) from the fast Gibbs sampler. The peak of the PPD represents the most likely estimate of the modeling parameter ‫ݖ‬ , , and the width of the PPD is tied to the uncertainty in that estimate.
RESULTS
After the BOA was fully functional and tested, estimates for the equivalent source model were generated using the F-22 data recorded at military power and afterburner for the following one-third octave band center frequencies: 100 Hz, 125 Hz, 200 Hz, 315 Hz, 800 Hz, and 1250 Hz. The estimated equivalent source parameters were evaluated in three ways. First, the PPDs from the FGS were analyzed to determine which parameter estimates were physically meaningful. Second, the resulting source distributions were compared to the current understanding of jet noise source characteristics. Third, the estimated equivalent source distributions were used in the radiation model to calculate the sound field at two of the measurement locations: the plane 4.1 m from the shear layer, which was used to create the ESM, and the arc 23 m from the estimated maximum source region. (See Fig. 1 .) The comparison between ܲ ෨ , , the reference pressure from the measured data, and ܲ ෨ , , the modeled pressure at measurement location ݅, across the ܰ ෩ measurement locations within 25 dB of the maximum level was calculated as
An analysis of the PPDs corresponding to the parameters of the ESM provides insights into the uncertainties associated with the estimated source distributions obtained by the optimization. The PPDs for 315 Hz at afterburner, shown in Fig. 4 , are representative of those produced for the other frequencies and engine conditions. From the shape of the PPDs, it is evident that the parameters associated with the correlated source (the peak and width of the amplitude distribution) have a significant influence on the match between the data and the model. This indicates that the parameter estimates are meaningful to within the uncertainty indicated by the PPDs. This is as expected due to the fact that the correlated sources account for the higher levels in the sound field. On the other hand, the flatness of the PPDs for the parameters of the uncorrelated source distribution means that the agreement between the model and the top 25 dB of the data is largely insensitive to changes in these parameters. Thus, the uncertainties associated with the estimates for ‫ݖ‬ ,௨ and ߪ ௨ are so large that they are not physically meaningful. Also, the phase angle, ߠ, has a large effect on the predicted sound field.
FIGURE 4.
The PPDs for the 315-Hz one-third octave band at afterburner for the ESM: ‫ݖ‬ ,௨ and ߪ ௨ are the peak and width of the uncorrelated source distribution, respectively. ‫ݖ‬ , and ߪ are the peak and width of the correlated source distribution respectively. ‫ܣ‬ , ‫ܣ/‬ ,௨ is the ratio of the amplitudes of the two distributions. ߠ is the source phase angle.
Next, some conclusions can also be made from analyzing the ESM distributions that were generated by the optimization. As described above, the uncertainties in the uncorrelated source distributions are very large because the uncorrelated sources have little effect on the overall sound field. For this reason, they are not included in the results shown here. In the correlated source distributions shown in Fig. 5 and Table 1 , ‫ݖ‬ , approaches the jet nozzle as the frequency increases. In addition, ߪ appears to narrow as frequency increases. Also, the angle seems to stay fairly close to 135 ∘ ± 5 ∘ degrees, as expected from the PPD. Finally, conclusions can be made by comparing the predicted near-and far-field levels with the measured data. Figures 6-9 contain predicted and measured levels on the 4.1-m plane, used to obtain the source parameters, and along the 23 m arc for the 125, 200, 315, and 1250 Hz bands. In general, agreement in the maximum source region at both locations is within 1-2 dB. However, the agreement in the low-amplitude portions near the ground reflection nulls and along the edges worsens, particularly for the 1250 Hz case displayed in Fig. 9 . The model assumes a perfectly coherent interaction from the line source with its image, and consequently predicts very deep nulls. However, the jet is an extended volumetric source, with likely partially incoherent reflections occurring, which lessen the depths of the nulls. The over prediction, particularly downstream of the maximum radiation region, seems to be caused by the long tails associated with the Rayleigh distribution. As the frequency increases, it is likely that the shape of the distribution fundamentally changes, which is not accounted for in the current ESM. 
CONCLUSION
The previous implementation of an equivalent source model for the F-22A Raptor by Morgan et al. 9 used manual adjustment of parameters and a fixed source phase angle derived from far-field directivity measurements. In this paper, we have shown a successful implementation of a robust Bayesian-based parameter optimization method that not only predicts the measured radiation along a near-field measurement plane, but also shows that the optimized parameters can be used in a simple-source model to estimate the far-field levels with reasonable accuracy.
